Binding of various '25I-lipoproteins to hepatic receptors was studied on cultured human hepatoma cells (Hep G2). Chylomicrons, isolated from a chylothorax, chylomicron remnants, hypertriglyceridemic very low-density lipoproteins, normotriglyceridemic very low-density lipoproteins (NTG-VLDL), their remnants, low-density lipoproteins (LDL), and HDL-E (an Apo E-rich high-density lipoprotein isolated from the plasma of a patient with primary biliary cirrhosis) were bound by high-affinity receptors. Chylomicron remnants and HDL-E were bound with the highest affinity. The results, obtained from competitive binding experiments, are consistent with the existence of two distinct receptors on Hep G2 cells: (a) a remnant receptor capable of high-affinity binding of triglyceride-rich lipoproteins and HDL-E, but not of Apo E free LDL, and (b) a LDL receptor capable of high-affinity binding of LDL, NTG-VLDL, and HDL-E. Specific binding of Apo E-free LDL was completely abolished in the presence of3 mM EDTA, indicating that binding to the LDL receptor is calcium dependent. Specific binding of chylomicron remnants was not inhibited by the presence of even 10 mM EDTA. Preincubation of the Hep G2 cells in lipoprotein-containing medium resulted in complete suppression of LDL receptors but did not affect the remnant receptors. Hep G2 cells seem to be a suitable model for the study of hepatic receptors for lipoprotein in man.
Introduction
Because cholesterol ester deposition in the arterial wall is a major event in atheroma formation, much clinical interest has focused on cholesterol metabolism and its regulation. It is well-established that the liver plays a primary role in synthesis, secretion, and removal of cholesterol in the body (1) (2) (3) (4) . The mechanisms that regulate this central function of the liver in cholesterol metabolism, however, are not fully understood.
Cholesterol in the body is derived from two sources: exogenous cholesterol from intestinal absorption and endogenous cholesterol from synthesis in various tissues. In the vascular circulation cholesterol is transported and distributed between organs by four functionally different lipoprotein classes. Exogenous cholesterol is transported in chylomicrons, endogenous cholesterol is transported in very low-density lipoproteins (VLDL),'
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These lipoproteins not only transport cholesterol in the blood stream but also play an important role in the regulation of cholesterol metabolism. This regulator function is mediated by the interaction of some apolipoproteins with specific receptors on the cell surface in various tissues (5) (6) (7) (8) (9) . When cholesterol is taken up by these cells, the number of receptors is down-regulated, and cholesterol synthesis within the cells is suppressed (10) .
A receptor for LDL was first described in cultured human fibroblasts (5) . This receptor recognizes LDL by its apolipoprotein B (Apo B) moiety, but also binds apolipoprotein E (Apo E) containing HDL with high affinity (1 1) . Therefore, these LDL receptors were also termed "Apo B,E receptors." LDL receptors, which have been demonstrated in many tissues (5) (6) (7) (8) , mediate and regulate the uptake of endogenous cholesterol transported in LDL, the metabolic product of VLDL (12) . Whereas the LDL receptor of fibroblasts has been extensively investigated, fewer studies have been performed on the hepatic receptors for the various cholesterol-transporting lipoproteins. A number of studies investigated the uptake of lipoproteins by the liver. Liver perfusion experiments revealed an uptake of chylomicrons and chylomicron remnants (13) (14) (15) . From these studies it was suggested that the uptake of chylomicrons into liver cells is mediated by Apo E and that remnant particles are taken up more rapidly than native lipoproteins. In addition, high-affinity binding of chylomicrons, VLDL, and LDL could be demonstrated in studies with liver membranes from various animals (9, 16) , humans (17) , and from studies performed with cultured liver cells (18) .
There (17, 18, (23) (24) (25) , in other studies only a partial down-regulation could be observed (26, 27) . The regulation of the E receptor is also not fully understood. The expression of the E receptor seems not to be affected by procedures that influence the activity of the B/E receptor as cholesterol feeding or infusion oflipoproteins or bile acids (9, 16, 28, 29) . These observations suggest, that the E receptor seems not to be under metabolic control. Liver membranes obtained from patients with familial hypercholesterolemia, however, showed better binding of Apo E-containing lipoproteins after portocaval shunt surgery (17) . Studies investigating the requirement for Ca2+ for the binding of lipoproteins to the E-and B/E receptors of liver cells reveal contradictory results (9, 23, 24, (30) (31) (32) (33) (34) . Furthermore, the specificity of the binding of lipoproteins of d < 1.063 g/ml is not yet fully established. In particular, binding of VLDL particles has not been investigated in detail. The experiments presented in this paper were performed to study the binding ofchylomicron remnants, VLDL, LDL, and an Apo E-rich particle named HDL-E to cultured human hepatoma cells (Hep G2) to assess the specificity of the binding of various lipoproteins and the regulation of the lipoprotein receptors.
Methods

Isolation and labeling oflipoproteins
Chylomicrons were isolated from a chylothorax. The effluent was substituted with Na2EDTA (I mg/ml) and NaN3 (1 mg/ml) and then allowed to stand overnight at 4VC. The (38) . A buffer solution ofd 1.006 g/ml was layered over serum and then ultracentrifugation was performed at 80,000 g for 60 min. HTG-VLDL were collected from the top layer by aspiration. In contrast to chylomicrons the Apo B moiety of these particles consisted of Apo B-100 as checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 3.75% gels (39) .
HTG-VLDL remnants were prepared as described for chylomicron remnants.
Normotriglyceridemic VLDL (NTG-VLDL) were isolated from pooled serum of healthy volunteers by ultracentrifugation following standard procedures (40) .
VLDL remnants were prepared as described for chylomicron remnants.
Apo E-free LDL were isolated from pooled fasting serum of healthy volunteers following a procedure recently published (41) . Briefly, the lipoproteins ofd 1.006-1.063 g/ml were prepared by ultracentrifugation in a fixed angle rotor and then washed and concentrated by density gradient ultracentrifugation. LDL prepared by this procedure were not free of Apo E as checked by IEF and double immunodiffusion with monospecific antibodies against Apo E. The LDL preparations isolated as described above were passed over an immune specific adsorber loaded with monospecific antibodies against Apo E. After immunoabsorption, the LDL were recentrifuged in the same density gradient as used for the isolation.
HDL-E was isolated from plasma of a patient suffering from lecithin/ cholesterol acyltransferase (LCAT) deficiency caused by primary biliary cirrhosis. The patient had an LCAT activity of < 5% of normal control individuals (42) . Plasma was obtained by plasmapheresis and passed over an anti-Apo B-containing column (43) . In this step all Apo B containing VLDL and LDL were absorbed to the column. The density of the effluent, containing LP-X, HDL-E, and an abnormal HDL, was adjusted to d 1.15 g/ml and subjected to preparative ultracentrifugation (145,000 g, 15 (2, 24 h ).
The floating lipoproteins were collected by tube slicing and recentrifuged in a linear NaBr gradient ranging from 1.030 to 1.080 g/ml using a Beckman SW 41 rotor (Beckman Instruments, Inc.), 41,000 rpm, 150C, 30 h. The lipoproteins banding as a distinct fraction in the density region of 1.068 g/ml were collected by aspiration with a hypodermic syringe and chromatographed over Bio-Gel A-1.Sm, 200-400 mesh (100 X 1.2-cm column) using a 0.15 M NaCI/0.02 M Tris-HC1 buffer (pH 7.8) which contained 1 mg/ml Na2EDTA and NaN3. HDL-E eluted as a main fraction in a symmetrical peak at 45% of the column volume. This fraction was concentrated by Amicon ultrafiltration and stored for <2 wk under nitrogen in the dark and at 40C before use. HDL-E behaved as a homogenous fraction by cellulose acetate and agarose gel electrophoresis and had the following chemical composition (wt/wt): protein, 32.5%; phospholipids, 35.4%; free cholesterol, 24.3%; cholesterol ester, 6.7%; triglyceride, 1.1%. By electron microscopy using negative staining with phosphotungstate, HDL-E consisted mainly of flattened discs with a longer axis of 245 A and a shorter axis of 90 A with a few particles of spherical appearance. Immunochemically, HDL-E reacted with antibodies against apolipoproteins A l, A II, E, C, and albumin. The relative content of these proteins as determined from densitometric scanning of 12.5% SDS-PAGE was: Apo E, 62%; E-A II complex, 13%; Apo A I, 9%; albumin, 5%; Apo C, 3%; and unidentified bands 8%.
Radioiodination ofthe lipoproteins was performed according to the method of McFarlane (44) as modified by Bilheimer et al. (45) .
Cell culture. The human hepatoma cell line Hep G2 was obtained from Dr. B. B. Knowles, Wistar Institute for Anatomy and Biology, Philadelphia, PA. Stock cultures were maintained in minimal essential medium (MEM) supplemented with penicillin (100 U/ml), streptomycin (1 ug/ml), and 10% fetal calf serum (FCS) at 370C in a humidified 95% air-5% C02 atmosphere. For binding experiments the cells were seeded in FB6-TC multi-dish trays. 48 h before the experiments, FCS was replaced by 10% lipoprotein-deficient FCS (LPDS) in the culture medium. Human skin fibroblasts were cultured as recently described (46 
Results
Chemical composition and apoprotein content of the lipoproteins is given in Table I . Chylomicrons showed a strong band in apo B-48 position on 3.75% SDS-PAGE (Fig. 1) (Fig. 4) . Binding of '251-chylomicron remnants was inhibited by unlabeled chylomicron remnants and HDL-E, but not by LDL (Fig. 4) . Binding of '251-HTG-VLDL was not abolished by the addition of LDL (Fig. 5) . Binding of '251I-NTG-VLDL, however, was inhibited to a considerable extent by LDL (Fig.  5) . Binding of '251-LDL was not inhibited by chylomicrons or HTG-VLDL, but was abolished by NTG-VLDL (Fig. 6) . Binding of 1251I-HDL-E was inhibited to a considerable extent by LDL (Fig. 6) . The results ofthese experiments are consistent with the existence oftwo hepatic receptors, one responsible for the binding of chylomicrons, HTG-VLDL, and their remnants, and another responsible for the specific binding of LDL. NTG-VLDL and HDL-E are bound to both receptors. (Table III) . The same result was obtained with cultured human fibroblasts. Affinity and binding sites for chylomicron remnants and HTG-VLDL were not affected by the preincubation with fetal calf serum, even after further addition of HDL-E and LDL at a final concentration of 200 mg cholesterol/dl culture medium (Table III) . nonlinear curves for all lipoproteins tested. The curves could be resolved into two components, one component with a high affinity and one component with an extremely low affinity. The high-affinity component probably represents the high-affinity receptor binding. Linear Scatchard plots could not be demonstrated even under conditions of a 50-fold excess of unlabeled ligands in the binding assay. Therefore, the binding data were also calculated from total binding curves according to Mendel et al. (49) . In all experiments the Scatchard transformation of total binding could be resolved in two exponentials. The calculated binding data were nearly identical when calculated from total or specific binding. The remnants ofchylomicrons exhibited a considerable higher affinity than their native particles. Native and remnant chylomicrons showed some marked differences in their chemical composition. The (Table I) .
Although not directly determined, it must be assumed that the size of the particles has decreased after lipolysis. Therefore, several factors can be responsible for the increase ofthe binding affinity. Because Apo B 48 is not recognized by receptors on liver membranes (52), chylomicrons and their remnants are bound by Apo E. For VLDL it could be demonstrated that the conformation ofthe apoproteins is responsible for the recognition by the receptors (53, 54 (56) . The inhibitory effect of Apo C could not be abolished by the addition of Apo E and, therefore, seems to be independent from the Apo E:C ratio. This was also confirmed by studies of Borensztajn et al. (Fig. 5) . The observation that NTG-VLDL are bound by the B/E receptor is in agreement with recent studies (58, 59) . It (30) . There also seems to be a difference in the metabolic fate of HTG-VLDL and NTG-VLDL. HTG-VLDL are primarily removed from the circulation whereas the smaller NTG-VLDL are largely converted to IDL and LDL (60) (30, 32) . After preincubation of the Hep G2 cells with lipoprotein containing medium, binding of chylomicrons and HTG-VLDL was not suppressed, whereas the binding of LDL was abolished as already described by others (23) . This is a strong argument for the existence of two receptors that are regulated differently. This result is consistent with the model that chylomicrons are rapidly cleared from the plasma, and thus cholesterol absorbed from the gut is taken up primarily by the liver, independent of cholesterol concentration in liver cells.
